Introduction
Recently, many studies for retinal prostheses have been reported for blind patients to restore their visual sensation by electrical stimulation to remaining retinal cells using stimulus electrodes. We have been developing a fully implantable retinal prosthesis with 3D stacked retinal prosthesis chip to achieve high-speed, high-performance, and small size artificial retina which gives a high quality-of-life (QOL) to patients, as shown in Fig. 1 [1] . The extraocular unit supplies electric power to the intraocular unit by electromagnetic induction. The intraocular unit consists of the 3D stacked retinal prosthesis chip, a flexible cable with stimulus electrode array, and a secondary coil for receiving the power. In 3D stacked retinal prosthesis, all functional parts such as photodetectors, signal processing circuits, and stimulus electrode array are stacked in one chip. It can be fully implanted into an eyeball and therefore blind patients can shift gaze point by moving the eyeball and use own ocular system consequently inducing the high QOL.
To stimulate curved retina certainly, it is necessary to establish uniform contacts between stimulus electrodes and retinal cells. Considering the curvature of the human eyeball, however, it is difficult to make certain contacts with conventional planar-type electrodes. In this work, we developed a pillar-shaped stimulus micro-electrode array (MEA) with different electrode heights for high efficient retinal stimulation.
Fabrication of the pillar-shaped stimulus MEA
In order to achieve high efficient stimulation, it is necessary to make certain contacts between retinal cells and stimulus electrodes. However, it is difficult to make certain contacts with planar electrode array under the retinal prosthesis chip, due to distances between the electrode and retinal cells. In order to solve this problem, we proposed a pillar-shaped stimulus MEA of 100 electrodes which has different heights in accordance with pillar electrode positions in the MEA as shown in Fig. 2 . The height variation of pillar electrodes allows each electrode to contact retinal cells in the spherical eyeball conformably despite various distances between the chip and retinal cells. Figure 3 shows a process flow of a flexible cable comprising pillar-shaped MEA with varying heights. First, deep via holes with different depths were formed into a Si substrate by plasma etching using SF 6 and C 4 F 8 gases. Then, sacrifice layers of Al and SiO 2 were deposited on Si substrate and into via holes. Photosensitive polyimide precursor was spin coated and cured at 350C. The resultant polyimide layer has a thickness of around 3um. After formation of Pt stimulus electrode layer by a lift-off method, Ti barrier and Cu seed layers were deposited and into via holes by sputtering. After photo resist patterning, Cu was filled into via holes by electroplating process. Thick polyimide was spin coated and cured where it has a thickness of ~15um and acts as a flexible cable. Au and Cr wirings were formed by sputtering and etching processes. Thin polyimide layer was covered on metal wirings. Finally, the Si substrate was immersed in a buffered HF solution to peel off a flexible cable with pillar stimulus electrodes. In our process, it is a key to form via holes with different depths by one-time Si etching process. We successfully fabricated via holes with different depths concurrently using SiO 2 hard mask with different thickness as shown in Fig. 4 . Figure 5 shows photographs of the fabricated flexible cable and a magnified pillar-shaped stimulus MEA consisting of 100 electrodes with different heights. However, the pillar-shaped electrode has concern to certainly stimulate only a target retinal cell due to cross-talk with neighboring electrodes and un-wanted stimulating surrounding retinal cells, because the entire surface of the pillar electrode would be functioned as shown in Fig. 6 . In order to solve this problem, we developed a partial sidewall passivation process of the pillar-shaped electrode except only top area for contacting retinal cell. Figure 7 shows the photographs of the pillar electrode array in which the sidewalls of electrodes were successfully coated by biocompatible polyimide layer.
Evaluation of the pillar-shaped stimulus MEA
The impedance characteristics of the pillar-shaped stimulus electrode-electrolyte interface were evaluated using Solartron1260 Impedance / gain phase analyzer. Measurements were performed with the frequency range from 100 Hz to 100 kHz using 10 mV AC sine signals by immersing the pillar MEA into 0.9% saline solution. An Ag/AgCl electrode and a Pt electrode were used as a reference electrode and a counter electrode, respectively. Figure 8 shows the impedance characteristics of various electrodes of a planar electrode, a pillar electrode and a coated pillar electrode, depending on frequencies. The non-coated pillar and the planar electrodes show 24.6kΩ and 125kΩ impedances at 1 kHz, respectively. The impedance increment ratio of non-coated pillar electrode to the planar electrode is similar with the difference ratio of the surface area between them. It means that the entire surface of non-coated pillar electrode functioned as a stimulus electrode role. Meanwhile, the impedance of the coated pillar electrodes is 116 kΩ at 1 kHz which is almost identical to the impedance of the planar electrode. It indicates that the sidewall of the pillar electrode was well isolated by the polyimide layer.
Conclusion
We successfully fabricated the pillar-shaped MEA consisting of 100 electrodes with different heights for high efficient stimulating of the fully implantable retinal prosthesis. The pillar electrode was successfully isolated except for the top area by the polyimide layer to certainly stimulate a target retina cell. 
